Hexagonal ring-type resonators defined by two-dimensional photonic crystal waveguides are proposed and demonstrated. Lasing actions are observed from the photonic crystal ring resonator patterned on a free-standing slab with InGaAsP active layers emitting near 1.55 m. For a ring resonator with 8-m diameter, the threshold peak pump power is ϳ3 mW. The quality factor of the ring resonator mode estimated from below-threshold linewidth shows that the sum of the propagation loss and the bending loss of the photonic crystal ring resonator is less than ϳ260 cm Ϫ1 . The photonic crystal ring resonators can be used for the characterization of the optical losses in photonic crystal waveguides.
Hexagonal ring-type resonators defined by two-dimensional photonic crystal waveguides are proposed and demonstrated. Lasing actions are observed from the photonic crystal ring resonator patterned on a free-standing slab with InGaAsP active layers emitting near 1.55 m. For a ring resonator with 8-m diameter, the threshold peak pump power is ϳ3 mW. The quality factor of the ring resonator mode estimated from below-threshold linewidth shows that the sum of the propagation loss and the bending loss of the photonic crystal ring resonator is less than ϳ260 cm There has been much effort to realize small optoelectronic devices based on two-dimensional ͑2-D͒ photonic crystal slab structures. The best examples of these devices are photonic crystal lasers [1] [2] [3] [4] [5] and photonic crystal waveguides. [6] [7] [8] Several types of photonic crystal lasers have been demonstrated such as single-defect lasers, 1,2 disk lasers, 3 and band edge lasers. 4, 5 Photonic crystal waveguides are also attractive for small optoelectronic circuits because of low bending losses at sharp corners. 9 In addition, groups world-wide have been interested in the integration of passive waveguides and photonic crystal microcavities. 10, 11 However, there still remain problems related to the evaluation of propagation losses, bending losses, and coupling efficiency in photonic crystal waveguides.
In this letter, we propose and demonstrate a 2-D photonic crystal laser based on the hexagonal waveguide ring resonator. A typical scanning electron micrograph of a fabricated photonic crystal ring-cavity structure is shown in Fig. 1 . This photonic crystal ring laser has a close analogy to microdisk lasers 12 and to photonic wire lasers. 13 In the microdisk laser, the whispering-gallery modes are guided by total internal reflection, whereas in the photonic crystal ring laser, the ringtype resonant modes operate by the photonic band gap. Optical confinement by the photonic band gap is more efficient than that by the total internal reflection, especially for wavelength-size small structures.
The photonic crystal ring laser structure consists of six waveguides and six 120°bends, as shown in Fig. 1 . Therefore, this ring laser mode has properties similar to the guided mode of photonic crystal waveguides. For example, since the guided modes found below the light cone are well confined inside the photonic crystal slab, the ring resonator will undergo low optical losses. In addition, efficient coupling of the ring resonator waveguide to the photonic crystal linear waveguide is expected because of the similar mode patterns in two waveguides. This means that the photonic crystal ring resonator has potential as a light source or as a filter in photonic crystal integrated circuits. Moreover, this photonic crystal ring resonator can be used to evaluate propagation and bending losses of photonic crystal waveguides.
Photonic crystal ring-cavity structures are fabricated in the form of free-standing photonic crystal slabs.
1,2 Seven 60-Å-thick strain-compensated InGaAsP quantum wells emitting near 1.55 m are embedded at the center of the slab. Each 100-Å-thick InGaAsP barrier has a band gap at 1.2 m. fabricated photonic crystal slab supports only the fundamental mode for the TE polarization. 14 The fabricated samples are pulse-pumped using a 980 nm laser diode at room temperature. The pulse width is 10 ns and duty cycle is 1%. A microscope objective lens (NA ϭ0.85) is used to focus a pump laser on the sample, and to collect output light emitted from the photonic crystal slab structure. The pump spot size is adjusted to cover the entire photonic crystal ring pattern. From the charge coupled device ͑CCD͒ near-field image of a typical photonic crystal ring laser ͑Fig. 2͒, one can observe a standing wave mode pattern in the ring region.
The characteristics of a typical photonic crystal ring laser depicted in Fig. 1 are shown in Fig. 3 . This laser sample has 13 air holes along the ring diameter. Lattice constant a of this laser sample is ϳ0.57 m and the air hole radius r is ϳ0.36a. With this choice of parameters, a large band gap exists between the normalized frequencies of 0.31 and 0.43, which corresponds to the wavelength range of 1280 ϳ1770 nm and a gap-midgap ratio of ϳ0.33. Therefore, the wavelength of the lasing mode ͑ϳ1625 nm͒ lies well inside the band gap. When the polarization of the laser is measured, no definite polarization direction is observed, as one may expect from the symmetry of this laser.
The L -L curve ͑collected power at the lasing wavelength versus incident peak pump power͒ shows a threshold pump power of ϳ3 mW, as shown in Fig. 3͑b͒ . Considering that the pump spot size of ϳ8 m and 20% absorption of pump photons that is estimated using the average optical absorption coefficient of 2ϫ10 4 cm Ϫ1 , 15 the absorbed pump power density is calculated to be ϳ1.2 kW/cm 2 . This absorbed threshold power density is comparable to those of the previously reported photonic crystal lasers.
1-3 Since the pump power density in the ring-cavity region is much smaller than that at the center due to the Gaussian pumping spot profile, the actual threshold would be smaller than this value.
In the below-threshold spectra shown in the insets of Fig. 3͑a͒ , one can observe a pair of resonant peaks near the laser mode. In this sample, the longer wavelength peak develops into a lasing mode. By varying the pumping condition, the lasing mode can be switched to a neighboring mode. This pairing of modes is also observed in the degeneracysplit whispering-gallery mode of the microdisk lasers. [15] [16] [17] However, this double degeneracy originates from the hexagonal symmetry of the ring resonator. In general, the resonant modes of the hexagonal cavity are classified as either a pair of doubly degenerate modes that have two-fold symmetry or a nondegenerate mode that has six-fold symmetry. For example, the single defect cavity has the degenerate dipole modes 1 and the nondegenerate monopole mode. 2 In the real sample, these doubly degenerate modes split into two modes because of the slight asymmetry introduced during fabrication processes. Although the majority of the modes is paired, unsplitted nondegenerate peaks are also found in the below threshold spectra.
To determine the quality factor of this hexagonal ring resonator mode, the spectral linewidth is measured near the transparency pumping condition as shown in the insets of Fig. 3͑a͒ . From the measurement of full width at half maximum, which is limited by the resolution of the spectrometer ͑0.8 nm͒, the quality factor of this ring resonator mode is estimated to be above 2000.
As mentioned previously, the photonic crystal ring resonator consists of photonic crystal waveguides. Thus, resonant modes in the photonic crystal ring resonator can be investigated by the dispersion curve of the photonic crystal waveguide. The dispersion relation shown in Fig. 4͑a͒ is calculated by using a three-dimensional ͑3-D͒ plane-wave expansion method. 18 Lattice parameters are the same with those of the sample shown in Fig. 2. Figure 4͑b͒ shows its below-threshold spectra. By comparing the dispersion curve with the measured spectra, sharp resonance peaks in the frequency range of 0.36ϳ0.37 can be understood as the odd FIG . 2. Experimentally measured laser mode using a CCD. This laser sample has 15 air holes along the ring diameter. Lattice constant a of this laser sample is ϳ0.58 m and the air hole radius r is ϳ0.41a. A hexagonal ring mode pattern shows that the laser is emitted mainly from the ring region. Fig. 1 . ͑a͒ A typical above-threshold spectrum of the photonic crystal ring laser. The inset shows the below-threshold spectra where a small resonant peak near the laser mode appears. ͑b͒ Plot of the collected power at the lasing wavelength versus the incident peak pump power (L -L curve͒.
FIG. 3. The characteristics of a photonic crystal ring laser shown in
guided mode below the light line. The intensity modulations from the CCD image also show that the laser mode has an average normalized wave vector of ϳ0.4 (2/a) along the hexagonal waveguide, which corresponds to the odd guided mode. The measured spectrum shown in Fig. 4͑b͒ shows that average spectral separation between sharp resonance peaks is ϳ0.002 (2c/a), which can be explained qualitatively by the simple resonant condition 2pϭkL ͑L is 48a for this sample͒. Taking n eff from the slope of the dispersion curve, the average spectral interval ⌬k is ͑1/48͒ (2/a), which corresponds to ⌬ϳ⌬k/n eff ϳ⌬k/10ϳ0.002 (2c/a).
Through this structure, one can study the optical losses in the photonic crystal waveguide. Here, we used the photonic crystal ring laser shown in Figs. 1 and 3 . For the evaluation of the photonic crystal waveguide losses, the following equation is used, which relates three sources of losses to the quality factor.
͑1͒
Here, is the lasing wavelength, g the group velocity of the propagating wave, ␣ PC the propagation loss constant, ␣ QW the absorption loss in the quantum well, L the length of the resonator, and B describes the average bending loss per each bend.
In our case, ␣ QW can be neglected since the quality factor was measured at the transparency condition. The group velocity g is obtained from the dispersion curve of the waveguide part of the photonic crystal ring resonator. From the slope of the dispersion relation around the lasing wavelength (a/ϳ0.35), g is estimated to be about c/13. Using the values of Q and g in Eq. ͑1͒, the waveguiding loss, which is the sum of the propagation loss and the bending loss, is obtained to be less than 260 cm Ϫ1 . In this way, we can evaluate the upper bound of optical losses of photonic crystal bent waveguides using the photonic crystal ringcavity structure. This method is simple and advantageous because it does not require external waveguide coupling. If the measurements are performed for various size of ring cavities, the propagation loss and the bending loss could be separated.
In summary, we propose and demonstrate photonic crystal ring lasers. These lasers are fabricated in a 2-D hexagonal photonic crystal slab structure with InGaAsP quantum wells. Lasing actions are achieved by room-temperature optical pumping. The laser threshold is 3 mW for the 8-m-diameter ring cavity. The photonic crystal ring resonators can be used to study the guiding properties in photonic crystal waveguides. The quality factor of the photonic crystal ring resonator is larger than 2000, from which we estimate that the propagation and bending loss of waveguide sections of the ring resonator is less than 260 cm Ϫ1 . In addition, since the ring-type laser usually operates in waveguiding modes, this photonic crystal laser could be efficiently coupled to other photonic crystal waveguides. This work is supported by the National Research Laboratory Project of Korea. FIG. 4 . ͑a͒ Dispersion relations of the guided modes in photonic crystal waveguide calculated by using a 3-D plane-wave expansion method. Thickness of the slab is ϳ0.34a and the air hole radius r is ϳ0.41a. The lightgray region indicates the light cone where guided modes are leaky. The dotted line indicates the normalized frequency ϳ0.365, which corresponds to the lasing wavelength of the laser mode shown in Fig. 2 . ͑b͒ Belowthreshold spectra measured from the mode shown in Fig. 2 . Sharp resonance peaks in the light-gray region indicate longitudinal modes in the photonic crystal ring resonator, which can be attributed to the waveguided mode below the light line. Normalized frequencies of these peaks are 0.3636, 0.3654, 0.3678, and 0.3698, respectively, so the average spectral interval is ⌬ϳ0.002 (2c/a). Among these peaks, mode ͑2͒ can reach the lasing threshold.
